T h i s a r t i c l e , based upon invited papers a t t h e X X I I URSI General Assembly (Tel Aviv, August 1987) and t h e URSI National Radio Science Meeting (Boulder, January 19881, reviews recent applications o f t h e f i n i t e -d i f f e r e n c e time-domain (FD-TO) method for numerical modeling of electromagnetic wave s c a t t e r i n g and i n t e r a c t i o n problems. One of the goals of t h i s a r t i c l e i s t o demonstrate t h a t r e c e n t advances i n FD-TD modeling concepts and software implementat i o n , combined w i t h advances i n computer technology, have expanded t h e scope, accuracy, and speed o f FD-TD modeling to the point where it may be the preferred choice for structures that cannot be e a s i l y t r e a t e d b y conventional integral equation and asymptotic approaches. As a class, such s t r u c t u r e s a r e e l e c t r i ca l l y l a r g e and have complex shapes, m a t e r i a l composit i ons, apertures, and i n t e r i o r c a v i t i e s .
INTRODUCTION
Contemporary high-frequency electromagnetic engineering problems can i n v o l v e wave i n t e r a c t i o n s w i t h complex, e l e c t r i c a l l y -l a r g e t h r e e -d i m e n s i o n a l s t r u c t u r e s .
These structures can have shapes, material compositions, apertures, or cavities which produce near f i e l d s t h a t c a n n o t be r e s o l v e d i n t o f i n i t e s e t s o f modes or rays. Proper numerical modeli n g o f such near f i e l d s r e q u i r e s s a m p l i n g a t subw a v e l e n g t h r e s o l u t i o n t o a v o i d a l i a s i n g o f m a g n i t u d e a n i phase i n f o r m a t i o n . The goal i s t o p r o v i d e a s e l fc o n s i s t e n t model o f t h e n u t u a l c o u p l i n g o f t h e e l e c t r i c a l l y smal 1 c e l l s corfipri s i n g t h e s t r u c t u r e .
A candidate numerical modeling approach for this purpose i s t h e f i n i t e -d i f f e r e n c e time-domain (FD-TD) s o l u t i o n o f Maxwell's curl equations. This approach i s analogous t o e x i s t i n g f i n i t e -d i f f e r e n c e s o l u t i o n s o f f l u i d f l o w problems encountered i n computational aerodynamics, i n t h a t t h e n u m e r i c a l model i s based upon a d i r e c t s o l u t i o n o f t h e g o v e r n i n g p a r t i a l differential equation. Pursuing this analogy, FD-TD shares the computational requirements o f t h e f l u i d s codes (and o t h e r s i m i l a r l a r g e -s c a l e p a r t i a l d i f f e re n t i a l e q u a t i o n s o l v e r s ) i n t e r m s o f computer f l o a t i n g p o i n t a r i t h m e t i c r a t e , p r i m a r y random access memory size, and data bandwidth to secondary memory. Yet, FD-TD i s a non-traditional approach to numerical electromagnetic modeling, where frequency-domain approaches have dominated.
One o f t h e g o a l s o f t h i s a r t i c l e i s t o d e m o n s t r a t e t h a t r e c e n t
advances i n FD-TD modeling concepts and software implementation, combined with advances i n computer technology, have expanded the scope, accuracy and speed o f FD-TD modeling t o t h e p o i n t where it may be t h e p r e f e r r e d c h o i c e f o r c e r t a i n t y p e s o f s c a t t e ri n g and coupling problems. With this i n mind, t h i s a r t i c l e w i l l s u c c i n c t l y r e v i e w t h e f o l l o w i n g r e c e n t FD-TD modeling validations and research frontiers:
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Scattering models for three-dimensional reentrant
2. Conformal models of curved surfaces;
3. Scattering models for two-dimensional anisotropic structures;
4. Penetration models for narrow slots and lapped j o i n t s i n t h i c k screens;
5. Coupling models for wires and wire bundles i n f r e e space and i n a r b i t r a r y m e t a l c a v i t i e s ;
6. Penetration models for the electromagnetic fields w i t h i n d e t a i l e d , inhomogeneous t i ssue approximat i o n s o f t h e c o m p l e t e human body ( a t UHF frequencies 1 ; structures spanning up t o 9 wavelengths;
M i c r o s t r i p and microwave c i r c u i t models;
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l e c t r i c a l p e r m i t t i v i t y and c o n d u c t i v i t y ; 10. I n v e r s e s c a t t e r i n g r e c o n s t r u c t i o n of twodimensional conducti ng, homogeneous, and i nhomogeneous d i e l e c t r i c t a r g e t s f r o m m i n i m a l TM scattered field pulse response data; and 11. Large-scale computer software.
GENERAL CHARACTERISTICS OF FD-TD
As stated, FD-TD i s a d i r e c t s o l u t i o n o f M a x w e l l ' s time-dependent curl equations. I t employs no potentials. Instead, it applies simple, second-order accurate central-difference approximations El] f o r t h e space and t i m e d e r i v a t i v e s o f t h e e l e c t r i c and magnetic f i e l d s d i r e c t l y t o t h e r e s p e c t i v e d i f f e r e nt i a l o p e r a t o r s o f t h e c d r l e q u a t i o n s . T h i s a c h i e v e s a sampled-data reduction of the continuous electromagnetic f i e l d i n a volume o f space, over a p e r i o d o f time.
Space and t i m e d i s c r e t i z a t i o n s a r e s e l e c t e d t o bound e r r o r s i n t h e sampling process, and t o i n s u r e n u m e r i c a l s t a b i l i t y o f t h e a l g o r i t h m
E l e c t r i c and magnetic f i e l d components a r e i n t e r l e a v e d i n space t o p e r m i t a n a t u r a l s a t i s f a c t i o n o f t a n g e n t i a l f i e l d c o n t i n u i t y c o n d i t i o n s a t media interfaces. Overall, FD-TD . i s a marching-in-time procedure which simulates the continuous actual waves by sampled-data numerical analogs propagating i n a data space s t o r e d i n a computer.
A t each time step, the system of equations t o u p d a t e t h e f i e l d components i s f u l l y e x p l i c i t , so t h a t t h e r e i s no need t o s e t up or solve a s e t o f linear equations, and the required computer storage and r u n n i n g t i m e i s p r o p o r t i o n a l t o t h e e l e c t r i c a l s i z e o f t h e volume modeled. time-domain wave t r a c k i n g c o n c e p t o f t h e FD-TD method. A r e g i o n o f space w i t h i n t h e dashed l i n e s i s s e l e c t e d f o r f i e l d sampling i n space and time.
A t time = 0 , it i s assumed t h a t a l l fields within the numerical sampling region are i d e n t i c a l l y zero.
An i n c i d e n t p l a n e wave i s assumed to enter the sampling region a t t h i s p o i n t .
Propagat i o n o f t h e i n c i d e n t wave i s modeled by t h e commencement of time stepping, which i s simply the implementat i o n o f t h e f i n i t e -d i f f e r e n c e a n a l o g o f t h e c u r l equations.
Time stepping continues as the numerical a n a l o g o f t h e i n c i d e n t wave s t r i k e s t h e modeled t a r g e t embedded within the sampling region.
A l l outgoing
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Feature Article-Continued from page 6 s c a t t e r e d wave analogs ideally propagate through the 1 a t t i c e t r u n c a t i o n p l anes with negl i g i b l e r e f 1 e c t i on t o e x i t t h e sampling region. Phenomena such as i n d u c t i o n o f s u r f a c e c u r r e n t s , s c a t t e r i n g and m u l t i p l e scattering, penetration through apertures, and c a v i t y e x c i t a t i o n a r e modeled time-step by time-step by t h e action of the curl equations analog. Self-consistency o f t h e s e modeled phenomena i s g e n e r a l l y assured i f t h e i r s p a t i a l and temporal variations are well resolved by t h e space and time sampling process. Time stepping i s c o n t i n u e d u n t i l t h e d e s i r e d l a t etime pulse response or steady-state behavior i s achieved.
An important example o f t h e l a t t e r i s t h e sinusoidal steady state, wherein the incident wave i s assumed t o have a s i n u s o i d a l dependence, and t i m e stepping i s c o n t i n u e d u n t i l a l l f i e l d s i n t h e s a m p l i n g r e g i o n e x h i b i t s i n u s o i d a l r e p e t i t i o n . T h i s i s a consequence o f t h e l i m i t i n g a m p l i t u d e p r i n c i p l e C31.
Extensive numerical experimentation with FD-TD has shown t h a t t h e number o f complete cycles of the i n c i d e n t wave r e q u i r e d t o be time-stepped t o a c h i e v e the sinusoidal steady state i s approximately equal to t h e Q f a c t o r o f t h e s t r u c t u r e o r phenomenon being model ed. F i g . 2 i l l u s t r a t e s t h e p o s i t i o n s o f t h e e l e c t r i c and m a g n e t i c f i e l d components about a u n i t c e l l o f t h e FD-TD l a t t i c e i n C a r t e s i a n c o o r d i n a t e s C11. Note t h a t each magnetic f i e l d v e c t o r component i s surrounded by f o u r c i r c u l a t i n g e l e c t r i c f i e l d v e c t o r components, and vice versa. This arrangement permits not only a centered-difference analog to the space d e r i v a t i v e s o f t h e c u r l e q u a t i o n s , b u t a l s o a natural geometry for implementing the integral form of Faraday's Law and Ampere's Law a t t h e s p a c e -c e l l l e v e l . T h i s i n t e g r a l i n t e r p r e t a t i o n p e r m i t s a simple but effective modeling o f t h e p h y s i c s of smoothly curved target surfaces, penetration through narrow slots having sub-cell gaps, and c o u p l i n g t o thin wires having sub-cell diameters, as w i l l be seen l a t e r . F i g . 3 i l l u s t r a t e s how an a r b i t r a r y t h r e edimensional scatterer i s embedded i n an FD-TD space l a t t i c e comprised o f t h e u n i t c e l l s o f F i g . C o n t i n u i t y o f t a n g e n t i a l f i e l d s i s assured a t t h e i n t e r f a c e o f d i s s i m i l a r media w i t h t h i s p r o c e d u r e . T h e r e i s no need f o r s p e c i a l f i e l d m a t c h i n g a t media i n t e r f a c e p o i n t s .
Steppededge approximation of curved surfaces has been found t o be adequate i n t h e FD-TD modeling problems studied i n t h e 1970's and e a r l y 1980's, i n c l u d i n g wave i n t e ra c t i o n s w i t h b i o l o g i c a l t i s s u e s C41, p e n e t r a t i o n i n t o c a v i t i e s [ S I , [SI, and electromagnetic pulse (EMPI i n t e r a c t i o n s w i t h complex s t r u c t u r e s
[ 7 ] -C91.
However, r e c e n t i n t e r e s t i n wide dynamic range models o f s c a t t e r i n g by curved targets has prompted t h e development of surface-conforming FD-TD approaches which eliminate staircasing.
These w i l l be summarized l a t e r i n t h i s a r t i c l e . A large near-field computational dynamic range i s a c h i e v e d , s i n c e t h e s c a t t e r e r o f i n t e r e s t i s embedded i n t h e t o t a l -f i e l d r e g i o n .
Thus, l o w f i e l d l e v e l s i n shadow r e g i o n s o r w i t h i n shielding enclosures are computed d i r e c t l y w i t h o u t s u f f e r i n g s u b t r a c t i o n n o i s e ( a s w o u l d be the case i f s c a t t e r e d f i e l d s i n such r e g i o n s were time-stepped via FD-TD, and then added t o a c a n c e l l i n g i n c i d e n t f i e l d t o o b t a i l , t h e l o w t o t a l -f i e l d l e v e l s ) .
Embedding t h e s c a t t e r e r i n t h e t o t a l -f i e l d region permits a n a t u r a l s a t i s f a c t i o n o f t a n g e n t i a l f i e l d c o n t i n u i t y a c r o s s media i n t e r f a c e s , as discussed earlier, without h a v i n g t o compute t h e i n c i d e n t f i e l d a t p o s s i b l y numerous points along a complex locus t h a t i s unique to each s c a t t e r e r . The zoning arrangement o f F i g .
4 requires computatjon of t h e i n c i d e n t f i e l d o n l y a l o n g t h e r e c t a n g b l a r connecting surface between t h e t o t a l -f i e l d and s c a t t e r e d -f i e l d r e g i o n s . T h i s s u r f a c e i s .fixed, i.e., independent of the shape or composition of the enclosed scatterer being modeled.
The p r o v i s i o n o f a well-defined scatteredf i e l d r e g i o n i n t h e FD-TD l a t t i c e p e r m i t s t h e n e a r -t o -f a r
f i e l d t r a n s f o r m a t i o n i l l u s t r a t e d i n F i g .
5.
The dashed v i r t u a l s u r f a c e shown i n F i g .
5 can be located along convenient l a t t i c e p l a n e s i n t h e s c a t t e r e d -f i e l d r e g i o n o f F i g . 4.
Tangential scattered E and H f i e l d s computed v i a FD-TD a t t h i s v i r t u a l surface can then be weighted by the free-space Green's function and then integrated (summed) t o p r o v i d e t h e f a r -f i e l d r e s p o n s e and radar c r o s s s e c t i o n ( f u l l b i s t a t i c r e s p o n s e f o r t h e assumed i l l u m i n a t i o n a n g l e )
[lll -C131. The n e a r -f i e l d i n t e g r a t i o n s u r f a c e has a f i x e d r e c t a n g u l a r shape, and thus i s independent o f t h e shape or comDosition of the enclosed 1 -" F i g . 4 uses t h e t e r m " l a t t i c e t r u n c a t i o n " t o designate the outermost 1 a t t i c e p l a n e s i n t h e s c a tt e r e d -f i e l d r e g i o n .
The f i e l d s a t t h e s e p l a n e s c a n n o t be computed using the centered-differencing approach discussed earlier because of the assumed absence o f known f i e l d d a t a a t p o i n t s o u t s i d e o f t h e l a t t i c e t r u n c a t i o n . These data are needed t o f o r m t h e c e n t r a l d i f f e r e n c e s .
T h e r e f o r e , a n a u x i l i a r y l a t t i c e t r u n c at i o n c o n d i t i o n i s necessary. This condition must be c o n s i s t e n t w i t h M a x w e l l ' s e a u a t i o n s i n t h a t a n o u tgoing scattered-wave numerical analog striking the l a
t t i c e t r u n c a t i o n must e x i t t h e l a t t i c e w i t h o u t appreciable non-physical reflection, just as i f t h e l a t t i c e t r u n c a t i o n was i n v i s i b l e . I t has been shown t h a t t h e r e q u i r e d l a t t i c e t r u n c a t i o n c o n d i t i o n i s r e a l l y a r a d i a t i o n c o n d i t i o n i n t h e n e a r f i e l d
[lo], C141 -C171. Further, it has been shown t h a t convenient local approximations of the exact radiation condition can be generated and a p p l i e d w i t h good r e s u l t s [IO] -[171. Based upon this research, the procedure for constructing more precise local approxim a t i o n s o f t h e e x a c t r a d i a t i o n c o n d i t i o n i s reasonably well understood. These approximations are currently under study for numerical implementation i n t h e FD-TD computer programs C181.
THREE-DIMENSIONAL FD-TD SCATERINC MODELS
A n a l y t i c a l and experimental Val i d a t i ons have been o b t a i ne6 r e l a t i v e t o FD-TD modeling o f c a n o n i c a l three-dimensional conducting targets spanning 1/3 t o 9 wavelengths C121, C131, C191,
C201.
For brevity, only one such validation wi1,l be reviewed here. F i g . 6 d e p i c t s t h e geometry o f a crossed-plate scatterer comprised of two f l a t plate:, Z l e c t r i c a l l y bonded together to form the shape o f a T . The main p l a t e has the dimensions 30 cm x 10 cm x 0.33 cm, and t h e b i s e c t i n g f i n has the dimensions 10 cm x 10 cm x 0.33 cm. The i l l u m i n a t i o n i s a plane wave a t 0" elevation angle and TE p o l a r i z a t i o n r e l a t i v e t o t h e main plate, and at the frequency 9.0 GHz. Thus, t h e main p l a t e spans 9.0 wavoelengths. Note t h a t l o o k angle azimuths between 90 and 180" provide substant i a l c o r n e r r e f l e c t o r p h y s i c s , i n a d d i t i o n t o t h e edge d i f f r a c t i o n , c o r n e r d i f f r a c t i o n , and o t h e r e f f e c t s f o u n d f o r an i s o l a t e d f l a t p l a t e . , [20] wavelengths. Note that the lattice truncations are only 8 c e l l s (0.75 wavelength) from the target's main p l a t e and f i n edges.
The s l i g h t l y e c c e n t r i c p o s i t i o ni n g o f t h e b i s e c t i n g f i n i s accounted for i n t h e FD-TD model . S t a r t i n g w i t h z e r o -f i e l d i n i t i a l c o n d i t i o n s ,
661 time steps are used, e q u i v a l e n t t o 3 1 c y c l e s o f t h e i n c i d e n t wave a t 9 GHz.
Measurements of the monostatic radar cross section (RCS) vs. look angle azimuth were performed i n t h e anechoic chamber f a c i l i t y o p e r a t e d by S R I I n t e r n a t i o na l , Menlo Park, CA. F i g . 7 compares t h e FD,-TD predict i o n s w i t h t h e S R I measurements a t 32 key look angles which define the major features of the RCS response. I t i s seen t h a t t h e agreement i s w i t h i n a b o u t 1 dB over a t o t a l RCS-pattern dynamic range o f 40 dB. Locations o f peaks and n u l l s o f t h e p a t t e r n a r e a c c u r a t e l y p r e d i c t e d t o w i t h i n 1" o f azimuth. Note e s p e c i a l l y t h e e x c e l l e n t agreement f o r l o o k a n g l e azimuths greater than 90", where t h e r e i s a pronounced c o r n e r -r e f l e c t o r e f f e c t . As s t a t e d i n [13], it appears t h a t t h i s case (and similar three-dimensional 9-wavelength targets studied i n [20]) represents the largest detailed three-dimensional numerical scatteri n g model s o f any t y p e e v e r v e r i f i e d w h e r e i n a u n i f o r m l y f i n e s p a t i a l r e s o l u t i o n and t h e a b i l i t y t o t r e a t n o n m e t a l l i c c o m p o s i t i o n i s i n c o r p o r a t e d i n t h e model.
TWO-DIMENSIONAL CONFORMAL MODELS OF CURVED SURFACES
A key f l a w i n p r e v i o u s FD-TD models of conducting s t r u c t u r e s w i t h smooth curved surfaces has been the need t o use stepped-edge (staircase) approximations of the actual structure surface. Although not a serious problem for computing wave p e n e t r a t i o n and c o u p l i n g i n t o low-Q metal cavities, recent FD-TD studies have shown that stepped approximations of curved walls and a p e r t u r e s u r f a c e s c a n s h i f t c e n t e r f r e q u e n c i e s o f resonant responses
a c t o r s o f 30 t o
80, and c a n p o s s i b l y i n t r o d u c e s p u r i o u s n u l l s . I n t h e a r e a o f s c a t t e r i n g and RCS, the use of stepped surfaces has p r e v e n t e d a p p l i c a t i o n o f FD-TD f o r modeli n g t h e i m p o r t a n t c l a s s o f t a r g e t s where surface roughness, exact curvature, and d i e l e c t r i c o r permeable loading i s c r u c i a l i n d e t e r m i n i n g
RCS.
Recently, two different types o f FD-TD conformal surface models have been proposed and examined f o r two-dimensional problems: a. Faraday's Law contour path models c211.
These p r e s e r v e t h e b a s i c C a r t e s i a n g r i d arrangement o f f i e l d components a t a l l space c e l l s e x c e p t t h o s e a d j a c e n t t o t h e t a r g e t surface.
Space c e l l s a d j a c e n t t o t h e s u r f a c e are deformed to conform with the surface e x p r e s s i o n s f o r t h e m a g n e t i c f i e l d components a d j a c e n t t o t h e s u r f a c e a r e d e r i v e d f r o m t h e i n t e g r a l f o r m of Faraday's Law implemented around the perimeters of the deformed cells. .'=B The accuracy of the Faraday's Law contour p a t h models for smoothly curved targets subjected t o TE ar;d TM illumination i s i l l u s t r a t e d i n Figs. 8 and 9 , respectively.
Here, a moderate-resolution Cartesian FD-TD grid (having 1/20 wavelength c e l l s i z e ] i s used t o compute the azimuthal or longitudinal current distribution on the surface of a ka = 5 circular metal cylinder.
For b o t h polarizations, the contour path FD-TD model achieves an accuracy o f 1.5% or b e t t e r a t most surface points relative t o the exact series solution.
The worst-case error, only 3.5%, occurs for the TE case a t a point i n the center-lit region where contour deformation i s maximum. Running time for the conformal FD-TD model i s essentially the same as for the old staircase FD-TD model, since only a few H components immediately adjacent to the target surface require a slightly modified time-stepping re1 ation.
SCATTERING MODELS FOR TWO-DIMENSIONAL ANISOTROPIC STRUCTURES
The a b i l i t y t o independently specify electrical permittivity and conductivity for each E vector component in the FD-TD l a t t i c e , and magnetic permeab i l i t y and equivalent conductivity for each H vector Recent development of combined-field, coupled surface integral equations for modeling scattering by arbitrary shaped two-dimensional anisotropic targets [24] has permitted detailed tests of the accuracy of FD-TD anisotropic models. Fig. 10 i l l u s t r a t e s one such t e s t .
Here, the magnitude of the equivalent surface electric current induced by TM illumination o f a square anisotropic cylinder i s graphed as a function of position along the cylinder surface for b o t h the FD-TD and combined-field integral equation (CFIE) models.
The incident wave propagates i n the +y direction and has a +z-directed electric field. The cylinder has an electrical size k s = 5 , permittivity E = 2 , and diagonal permeabilqty tensor
a66 uyy = 4 . From F i g . 10, we see that the FD-% and CFIE results agree very well over almost everywhere on the cylinder surface.
Disagreement i s noted a t t h e cylinder corners where CFIE predicts sharp local peaks whereas FD-TD predicts local nul 1 s.
Studies are continuing to resolve the corner physics issue.
PENETRATION MODELS FOR NARROW SLOTS AND LAPPED JOINTS IN MICK SCREENS
The physics of electromagnetic wave transmission through narrow s l o t s and lapped joints in shielded enclosures must be accurately understood to permit
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Feature Article-Continued from page 10 good engineering design of equipment to meet specifications for performance concerning electromagnetic pulse (EMP), l i g h t n i n g , high-power microwaves (HPM), electromagnetic interference and c o m p a t i b i l i t y (EM1 and EMC), undesired radiated signals, and RCS. I n many cases, s l o t s and j o i n t s may have very narrow gaps f i l l e d by a i r , o x i d a t i o n f i l m s , o r l a y e r s o f a n o d i z at i o n o r p a i n t . J o i n t s can be simple (say, two metal sheets butted together); more complex (a lapped or " f u r n i t u r e " j o i n t ) ; o r even more complex (a threaded screw-type connection with random points of metal-tometal contact, depending upon t h e t i g h t e n i n g ) .
and Val i d a t e FD-TD models which can simulate the geometric features of generic slots and j o i n t s . S i n c e a key geometric feature i s l i k e l y t o be the narrow gap o f t h e s l o t o r j o i n t r e l a t i v e t o one FD-TD space c e l l , it i s important to understand how sub-cell gaps can be e f f i c i e n t l y modeled.
Three d i f f e r e n t t y p e s o f FD-TD sub-cell models have been proposed and examined for modeling narrow s l o t s and j o i n t s : a. E a u i v a l e n t s l o t l o a d i n q C251.
Here, r u l e s a r e s e t t o d e f i n e an e q u i v a l e n t p e r m i t t i v i t y and p e r m e a b i l i t y i n a s l o t formed by a s i n g l ec e l l gap t o e f f e c t i v e l y narrow the gap t o t h e desi red degree. (1) The lowr e s o l u t i o n (0.1 wavelength) FD-TD model u s i n g t h e contour path approach t o t r e a t t h e s l o t as a 1 / 4 -c e l l gap;
(21 A high-resolution (0.025 wavelength) FD-TD model t o t r e a t t h e s l o t as a 1 -c e l l gap;
and (3) A h i g h -r e s o l u t i o n method o f moments (MOM) model (having 0.0025 wavelength sampling i n t h e s l o t ) w h i c h t r e a t s t h e s l o t t e d s c r e e n as a pure scattering geometry. From F i g . 11, we see t h a t t h e r e i s e x c e l l e n t agreement between a l l t h r e e s e
t s o f p r e d i c t i v e d a t a i n b o t h magnitude and phase. O f p a r t i c u l a r i n t e r e s t i s t h e abi 1 i t y o f t h e l o w -r e s o l u t i o n FD-TD model, u s i n g t h e contour path approach, to accurately compute t h e peak e l e c t r i c f i e l d i n t h e s l o t .
Continued on page 12
Fig . 
F i g . 12a shows the geometry o f a U-shaped lapped j o i n t which was selected f o r d e t a i l e d s t u d y o f p a t hlength (depth)
power transmission resonances.
The U shape o f t h e j o i n t p e r m i t s a d j u s t m e n t o f t h e o v e r a l l j o i n t p a t h l e n g t h w i t h o u t d i s t u r b i n g t h e p o s i t i o n s o f t h e i n p u t and o u t p u t p o r t s a t
A and F. A u n i f o r m gap of 0.025 wavelength i s assumed, as i s a screen thickness o f 0.3 wavelength and w i d t h o f 3 wavelengths.
F i g . 12b compares t h e gap e l e c t r i c f i e l d w i t h i n t h e j o i n t as computed by:
( 1 ) A low-resolution, contour path FD-TD model having 0.09 wavelength c e l l s i z e and t r e a t i n g t h e gap as 0.28 c e l l ; and ( 2 ) A highr e s o l u t i o n FD-TO model having 0.025 wavelength c e l l s i z e and t r e a t i n g t h e gap as 1 c e l l .
The t o t a l p a t h l e n g t h w i t h i n t h e l a p p e d j o i n t i s a d j u s t e d t o e q u a l 0.45 wavelength, which provides a sharp power transmission peak t o t h e
shadow side of the screen. From F i g . 12b, we see a very good agreement between the low and h i g h r e s o l u t i o n FD-TD models, even though t h i s i s a numerically stressful, resonant penetration case.
An i m p l i c a t i o n o f t h e s e r e s u l t s i s t h a t
c o a r s e (0.1 wavelength) FD-TD gridding can be e f f e c t i v e l y used t o model t h e f i n e -g r a i n e d p h y s i c s o f wave p e n e t r a t i o n through slots and j o i n t s , i f simple algorithm modific a t i o n s a r e made i n accordance with the contour path approach. This can substantially reduce computer resource requirements and coding complexity for FD-TD models o f complex s t r u c t u r e s , w i t h o u t s a c r i f i c i n g appreciable accuracy i n t h e m o d e l i n g r e s u l t s .
COUPLING MODELS FOR WIRES AND WIRE BUNDLES
I n equipment design for EMP, HPM, and EM1 / EMC,
understanding electromagnetic wave c o u p l i n g t o w i r e s and cable bundles located within shielding enclosures i s a problem that i s complementary t o t h a t o f wave p e n e t r a t i o n t h r o u g h a p e r t u r e s o f t h e s h i e l d ( s u c h as narrow slots and j o i n t s ) . S i m i l a r t o t h e n a r r o w s l o t problem, a key dimension o f t h e i n t e r a c t i n g s t r u c t u r e , i n t h i s case the wire or bundle diameter,
may be small r e l a t i v e t o one FD-TD space c e l l . Thus, it i s important to understand how thin, sub-cell, wires and bundles can be efficiently modeled i f FD-TO i s t o have much a p p l i c a t i o n t o c o u p l i n g p r o b l e m s .
Two d i f f e r e n t t y p e s o f
FO-TD sub-cell models have been proposed and examined for modeling thin wires:
a. Equivalent inductance C281.
Here, an equival e n t i n d u c t a n c e i s d e f i n e d f o r a w i r e w i t h i n a space c e l l I p e r m i t t i n g a lumped-circuit model o f t h e w i r e t o be s e t up and computed.
b. Faraday's Law contour path model L291. Here, space c e l l s a d j a c e n t t o t h e w i r e a r e deformed to conform with the surface locus ( i n a manner s i m i l a r t o the conformal curved surface model 1. The accuracy of the Faraday's Law contour path model f o r t h i n w i r e s i n f r e e space i s i l l u s t r a t e d i n F i g s . 13 and 14. F i g . 13 graphs the scattered azimuthal magnetic f i e l d a t a f i x e d d i s t a n c e o f 1 / 2 0 wavelength from the center of an i n f i n i t e l y l o n g w i r e having a radius ranging between 1/30,000 and 1/30 wavelength.
l / r s i n g u l a r i t i e s o f t h e a z i m u t h a l magnetic f i e l d and r a d i a l e l e c t r i c f i e l d a r e assumed t o e x i s t w i t h i n t h e deformed c e l l s . Slightly modified time-stepping expressions for the azimuthal magnetic field components i n t h e s e c e l l s a r e d e r i v e d f r o m t h e i n t e g r a l f o r m o f Faraday
TM i l l u m i n a t i o n i s assumed. W e see t h a t t h e r e i s e x c e l l e n t agreement between the exact series s o l u t i o n and t h e l o w -r e s o l u t i o n (0.1 wavelength) FD-TD contour path model o v e r t h e e n t i r e 3-decade r a n g e o f w i r e r a d i u s .
F i g . 14 graphs the scattered azimuthal m a g n e t i c f i e l d d i s t r i b u t i o n a l o n g a 2.0-wavelength ( a n t i r e s o n a n t ) w i r e o f radius 1/300 wavelength. Broadside TM i . l l u m i n a t i o n i s assumed, and t h e f i e l d i s observed a t a f i x e d d i s t a n c e o f 1/20 wavelength from t h e w i r e c e n t e r . W e see t h a t t h e r e i s e x c e l l e n t agreement between a MOM solution sampling the wire current at 1/60 wavelength increments, and the lowr e s o l u t i o n (0.1 wavelength) FD-TD contour path model.
The FD-TD contour path model can be extended t o t r e a t t h i n w i r e b u n d l e s , as w e l l as s i n g l e w i r e s . F i g : 15 shows t h e a n a l y t i c a l v a l i d a t i o n r e s u l t s f o r the induced currents
on a bundle comprised o f 4 wires, where 3 are of equal length.
Here, a w i r e o f l e n g t h 0.6 m (2.0 wavelengths) i s assumed a t t h e c e n t e r o f the bundle, and t h r e e p a r a l l e l w i r e s o f l e n g t h The assumed e x c i t a t i o n i s i n f r e e space, provided by a 1-GHz broadside TM plane wave. Followi n g t h e t e c h n i q u e o f C291, the bundle i s replaced by a s i n g l e w i r e h a v i n g v a r y i n g e q u i v a l e n t r a d i u s c o r r esponding to the three sections along the bundle axis. The p h y s i c s o f t h e s i n g l e w i r e o f v a r y i n g e q u i v a l e n t r a d i u s i s i n c o r p o r a t e d i n a l o w -r e s o l u t i o n (0.1 wavel e n g t h ) FD-TD contour path model, as discussed above. The FD-TD model i s t h e n r u n t o o b t a i n t h e t a n g e n t i a l E and H f i e l d s a t a v i r t u a l s u r f a c e c o n v e n i e n t l y l o c a t e d a t t h e c e l l boundary containing the equivalent w i r e (shown as a dashed l i n e i n F i g . 1 5 ) .
These f i e l d s a r e t h e n u t i l i z e d as e x c i t a t i o n t o o b t a i n t h e currents induced on t h e i n d i v i d u a l w i r e s o f t h e o r i g in a l b u n d l e . T h i s l a s t s t e p i s p e r f o r m e d b y s e t t i n g
up an e l e c t r i c f i e l d i n t e g r a l e q u a t i o n ( E F I E ) and s o l v i n g v i a MOM.
F i g . 15 shows an excellent correspondence between t h e r e s u l t s o f t h e h y b r i d FD-TD/MOM procedure described above and t h e u s u a l d i r e c t Wave p e n e t r a t i o n i n t o t h e i n t e r i o r o f t h e e n c l o s u r e i s through a c i r c u m f e r e n t i a l s l o t a p e r t u r e (0.125 m a r c length, 0.0125 m gap) a t t h e ground plane. For the cases studied, an i n t e r n a l s h o r t i n g p l u g i s l o c a t e d 0.40 m above the ground plane. For the single-wire t e s t , a w i r e o f l e n g t h 0.30 m and r a d i u s 0.000495 m i s c e n t e r e d w i t h i n t h e i n t e r i o r and connected t o t h e ground plane with a lumped 50-ohm load. For the wirepair test, parallel wires of these dimensions are l o c a t e d 0.01 m a p a r t , w i t h one w i r e s h o r t e d t o t h e ground plane and the other connected to the ground p l a n e w i t h a lumped 50-ohm load. A l l r e s u l t s a r e normalized to a 1 v/m i n c i d e n t wave e l e c t r i c f i e l d . From F i g . 17, we see t h a t t h e r e i s a good c o r r espondence between t h e measured and numerically modeled w i r e l o a d c u r r e n t f o r b o t h t e s t cases.
The two-wire t e s t p r o v e d t o b e e s p e c i a l l y c h a l l e n g i n g s i n c e t h e , observed Q f a c t o r o f t h e c o u p l i n g r e s p o n s e ( c e n t e r frequency divided by the half-power bandwidth) i s quite high, about 75. Indeed, it i s f o u n d t h a t t h e FD-TD code has t o be stepped through as many as 80 cycles to approximately reach the sinusoidal steady state for excitation frequencies near the resonant peak.
However, s u b s t a n t i a l l y f e w e r c y c l e s o f t i m e stepping are needed away from the resonance, as i n d i c a t e d i n t h e f i g u r e .
PENETRATION MODELS FOR BIOLOGICAL TISSUES
Two c h a r a c t e r i s t i c s o f FD-TD cause it t o be very promi sing for model i ng electromagnetic wave i n t e ra c t i o n s w i t h b i o l o g i c a l t i s s u e s :
( 1 ) E l e c t r i c a l media can be specified independently f o r each v e c t o r f i e l d component, so t i s s u e s o f enormous complexity can be s p e c i f i e d i n p r i n c i p l e ;
and ( 
I n f a c t , one o f t h e e a r l i e s t a p p l i c a t i o n s o f FD-TD i n v o l v e d t h e c o n s t r u c t i o n o f d e t a i l e d inhomogeneous tissue models of the human eye t o o b t a i n p r e d i c t i v e d a t a f o r
UHF /microwave penetration and h e a t i n g E41.
The emergence o f supercomputers has recently p e r m i t t e d FD-TD t o be s e r i o u s l y a p p l i e d t o a number o f important bio-electromagnetic problems. First,
it was shown t h a t FD-TD p r o v i d e s e x c e l l e n t agreement w i t h s e r i e s s o l u t i o n s f o r t h e p e n e t r a t i n g f i e l d d i s t r i b ut i o n s w i t h i n homogeneous and layered tissue cy1 inders and spheres C301, E311. F i g . 18, taken from C301, shows t h e a n a l y t i c a l v a l i d a t i o n r e s u l t s f o r t h e p e n e t r a t i n g e l e c t r i c f i e l d v e c t o r components w i t h i n a 0.15 m radius muscle-fat layered cylinder.
The i n n e r l a y e r ( r a d i u s = 0.079 m) i s assumed t o be comprised o f muscle having a r e l a t i v e p e r m i t t i v i t y o f 72 and c o n d u c t i v i t y o f 0 . 9 Slm. The o u t e r l a y e r i s assumed t o be compr-i sed o f f a t h a v i n g a r e 1 a t i v e p e r m i t t i v i t y o f 7.5 and c o n d u c t i v i t y o f 0.048 Slm. TE i l l u m i n a t i o n a t a frequency of 100 MHz i s modeled. From F i g . 18, we see t h a t t h e FD-TD s o l u t i o n f o r t h e i n t e r n a l f i e l d s agrees very we1 1 w i t h t h e e x a c t s o l u t i o n , d e s p i t e t h e f a c t t h a t a stepped-edge (staircase) approximation of t h e c i r c u l a r l a y e r b o u n d a r i e s i s used.
A f t e r v a l i d a t i o n o f FD-TD models o f p e n e t r a t i n g f i e l d s f o r c a n o n i c a l b i o l o g i c a l t i s s u e shapes, a t t e nt i o n t u r n e d t o w a r d m o d e l i n g h i g h l y r e a l i s t i c inhomogeneous tissue approximations o f the human body. Specific electrical parameters were assigned to each o f t h e e l e c t r i c f i e l d v e c t o r components a t t h e 16,000 t o 40,000 space c e l l s comprising the body model. Assignments were based upon cross-section tissue maps o f t h e body ( a t s p a c i n g s o f a b o u t one inch, as obtained v i a cadaver studies) available i n t h e m e d i c a l 1 i t e r a t u r e , and cataloged measurements of t i s s u e d i e l e c t r i c p r o p e r t i e s .
Space r e s o l u t i o n s as f i n e as 0.013 m t h r o u g h o u t t h e e n t i r e human body proved p o s s i b l e u s i n g FD-TD. F i g s . 19a and l 9 b , taken from E321, show t h e computed contour maps o f t h e s p e c i f i c a b s o r p t i o n r a t e (SARI d i s t r i b u t i o n a l o n g h o r i z o n t a l cuts through the head and 1 i ver, respectively, of the three-dimensional inhomogeneous man model . I n F i g .
19a, t h e i n c i d e n t p l a n e wave has a power d e n s i t y of 1 mW/cm2 a t 350 MHz, and each contour i s 20 rnW1Kg.
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14 1 mW/cm 2 plane wave power density I n F i g . 19b, t h e i n c i d e n t wave has the same power d e n s i t y b u t i s a t 100 MHz; contours i n t h e arms a r e a t 20 mW/kg i n t e r v a l s , w h i l e c o n t o u r s i n t h e body are a t 10 mW/kg i n t e r v a l s .
These contour maps i l l u s t r a t e t h e h i g h 1 eve1 o f d e t a i l o f l o c a l f e a t u r e s o f t h e SAR d i s t r i b u t i o n t h a t i s p o s s i b l e v i a FD-TD modeling.
More r e c e n t work has departed from simulations of plane wave i l l u m i n a t i o n o f t h e human body. C u r r e n t l y , FD-TD i s being used to model annular phased a r r a y s o f aperture and dipole antennas used for hyperthermia 
Test runs
on t h e c a l c u l a t i o n o f f i e l d s i n t h e w a t e rf i l l e d i n t e r a c t i o n space and w i t h homogeneous c i r c u l a r and e l l i p t i c a l c y l i n d e r phantoms c o r r e l a t e w e l l w i t h the experimental data i n t h e l i t e r a t u r e , l e n d i n g support to the accuracy of the FD-TD method f o r n e a rf i e l d exposure conditions C331.
I n C353, FO-TD i s f i r s t used t o o b t a i n r e s o n a n t frequencies of several three-dimensional cavities loaded by d i e l e c t r i c b l o c k s . N e x t , t h e r e s o n a n t frequency of a f i n l i n e c a v i t y i s computed. Last, the resonant frequencies of a m i c r o s t r i p c a v i t y on anisot r o p i c s u b s t r a t e a r e o b t a i n e d , and t h e d i s p e r s i o n c h a r a c t e r i s t i c s o f t h e m i c r o s t r i p used i n t h e c a v i t y a r e c a l c u l a t e d .
FD-TD modeling results are compared p r i m a r i l y t o t h o s e o b t a i n e d u s i n g t h e t r a n s m i s s i o n l i n e m a t r i x (TLM) approach, and the two methods a r e f o u n d t o g i v e p r a c t i c a l l y t h e same r e s u l t s . 
SCATTERING MODELS FOR RELATIVISTICALLY MOVING SURFACES IN ONE AND TU0 DIMENSIONS
A n a l y t i c a l v a l i d a t i o n s have been r e c e n t l y o b t a i ned f o r FD-TD model s o f r e f l e c t i o n o f a monochromatic plane wave by a p e r f e c t l y c o n d u c t i n g s u r f a c e e i t h e r moving a t a u n i f o r m r e l a t i v i s t i c v e l o c i t y o r v i b r a t i n g a t a frequency and a m p l i t u d e l a r g e enough so t h a t t h e s u r f a c e a t t a i n s r e l a t i v i s t i c speeds C371. The FD-TD approach o f C371 i s novel i n t h a t i t does n o t r e q u i r e a system transformation where the conducting surface i s a t r e s t . I n s t e a d , t h e FD-TD g r i d i s a t r e s t i n t h e l a b o r a t o r y frame, and t h e computed f i e l d s o l u t i o n i s F i g . 21 shows r e s u l t s f o r one of t h e more i n t e re s t i n g problems o f t h i s t y p e modeled so far, that of oblique plane wave incidence on an i n f i n i t e v i b r a t i n g mirror. This case i s much more complicated than the normal incidence case, i n t h a t it has no closed-form s o l u t i o n .
An analysis presented i n the 1 i t e r a t u r e C381 w r i t e s t h e s o l u t i o n i n an i n f i n i t e s e r i e s f o r m using plane-wave expansions, where the unknown coeff i c i e n t s i n t h e s e r i e s a r e s o l v e d n u m e r i c a l l y .
T h i s analysis serves as the basis of comparison for the FD-TD model r e s u l t s f o r t h e t i m e v a r i a t i o n o f t h e s c a t t e r e d f i e l d e n v e l o p e a t p o i n t s n e a r t h e m i r r o r .
Since it i s d i f f i c u l t t o model e x a c t l y an i n f i n i t e p l a n e m i r r o r i n a f i n i t e two-dimensional g r i d , a long, thin, rectangular perfectly-conducting s l a b i s used as t h e m i r r o r model, as shown i n F i g . The other two sides, para1 le1 to the velocity v e c t o r , a r e i n s e n s i t i v e t o t h e m o t i o n o f t h e s l a b , and t h e r e f o r e no r e l a t i v i s t i c boundary conditions are required there.
To minimize the impact of edge d i ff r a c t i o n , t h e s l a b l e n g t h i s c a r e f u l l y s e l e c t e d so t h a t t h e s l a b a p p e a r s t o be i n f i n i t e i n e x t e n t a t observation point, P , d u r i n g a well-defined earlytime response when t h e edge e f f e c t has n o t y e t propag a t e d t o P . Since the TM case does n o t p r o v i d e s u b s t a n t i a l l y d i f f e r e n t r e s u l t s t h a n t h e TE case C381, o n l y t h e TE case i s considered. From Fig.  21b , we see good agreement between the FD-TD and a n a l y t i c a l results obtained from C381 f o r t h e envelope o f t h e sc:ttered from minimal scattered field pulse response data.
The general approach involves setting up a numerical feedback loop which uses a one-o r twodimensional FD-TD code as a forward-scattering element, and a s p e c i a l l y c o n s t r u c t e d n o n l i n e a r o p t i m i z a t i o n code as the feedback element. FD-TD generates a t e s t p u l s e r e s p o n s e f o r a t r i a l l a y e r i n g o r t a r g e t shape / composition.
The t e s t p u l s e i s compared t o t h e measured pulse, and an e r r o r s i g n a l i s developed. Working on t h i s e r r o r s i g n a l , t h e nonl i n e a r o p t i m i z a t i o n e l e m e n t p e r t u r b s t h e t r i a l l a y e ri n g o r t a r g e t s h a p e / c o m p o s i t i o n i n a manner t o d r i v e down t h e e r r o r , Upon repeated iterations, the proposed l a y e r i n g or t a r g e t i d e a l l y c o n v e r g e s t o t h e actual one, a s t r a t e g y s i m i l a r t o t h a t o f C421.
The advantage o f w o r k i n g i n t h e t i m e domain i s t h a t a l a y e r e d medium o r t a r g e t shape can be recons t r u c t e d s e q u e n t i a l l y i n time as the wavefront of the i n c i d e n t p u l s e sweeps through, taking advantage o f causality. This reduces the complexity of recons t r u c t i o n s i n c e o n l y a p o r t i o n o f t h e l a y e r i n g or t a r g e t shape i s being generated a t each i t e r a t i o n . Advanced s t r a t e g i e s f o r r e c o n s t r u c t i o n i n t h e p r e s e n c e o f a d d i t i v e n o i s e may i n v o l v e t h e u s e o f p r e d i c t i o n / c o r r e c t i o n , where t h e t r i a l l a y e r o r t a r g e t shape i s considered to be a p r e d i c t o r o f t h e a c t i a l case, which i s subsequently corrected by o p t i m i z a t i o n o f t h e e n t i r e l a y e r e d medium or target using the complete scattered pulse.
F i g . 22 shows t h e a p p l i c a t i o n o f t h e b a s i c FD-TC feedback strategy t o a one-dimensional layered medium i n t h e absence o f n o i s e . B o t h t h e e l e c t r i c a l p e r m i tt i v i t y and c o n d u c t i v i t y o f t h e medium vary i n a "sawtooth" manner with depth.
The curves show simulated measured d a t a f o r t h e r e f l e c t e d p u l s e f o r t h r e e cases defined by the peak values of t h e c o n d u c t i v i t y (0.001 S/m, 0.01 S/m, and 0.1 S/m) and t h e c o r r e s p o n d i n g s p a t i a l l y c o i n c i d e n t peak v a l u e s o f r e l a t i v e p e r m i t t i v i t y (3, 2, and 4 ) o f t h e medium. I n each case, t h e i n c i d e n t p u l s e i s assumed t o b e a half-sinusoid spanning 50 cm between zero crossings. Noting that the dark dots superimposed on t h e "sawtooth" represent the reconstructed values of p e r m i t t i v i t y and c o n d u c t i v i t y , we see t h a t t h e b a s i c FD-TD feedback strategy i s q u i t e s u c c e s s f u l i n t h e absence o f n o i s e C391. F i g . 23 shows t h e a p p l i c a t i o n o f t h e FD-TD feedback s t r a t e g y t o r e c o n s t r u c t a two-dimensional lossy d i e l e c t r i c t a r g e t .
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The t a r g e t i s a 30 cm x 30 cm square cylinder having a u n i f o r m c o n d u c t i v i t y o f 0.01 S/m, and a t e n t -l i k e r e l a t i v e p e r m i t t i v i t y p r o f i l e 'which s t a r t s a t 2.0 a t t h e f r o n t and l e f t s i d e s and i n c r e a s e s l i n e a r l y t o a peak v a l u e o f 4.0 a t t h e back ;corner on t h e r i g h t s i d e . These p r o f i l e s a r e i l l u st r a t e d i n a perspective manner a t t h e t o p o f F i g .
23. The t a r g e t i s assumed t o be illuminated by a TM p o l a rized plane wave t h a t i s d i r e c t e d t o w a r d t h e f r o n t o f t h e t a r g e t ( a s v i s u a l i z e d a t t h e t o p o f F i g . 2 3 ) . The i n c i d e n t waveform i s a 3-cycle sinusoidal tone burst having a 60-MHz carrier frequency. For the recons t r u c t i o n , t h e o n l y d a t a u t i l i z e d i s t h e time-domain waveform o f t h e s c a t t e r e d e l e c t r i c f i e l d as observed a t two points.
These p o i n t s a r e l o c a t e d 1 m from the f r o n t o f t h e t a r g e t , and are positioned 15 cm t o e i t h e r s i d e o f t h e t a r g e t c e n t e r l i n e . To simulate measured data, the computed scattered field waveforms are contaminated with additive Gaussian noise. In a1 1 o f t h e r e c o n s t r u c t i o n s , t h e t a r g e t shape and l o c a t i o n i s assumed t o be known.
From F i g . 23, we see t h a t f o r a s i g n a l / n o i s e r a t i o o f 40 dB, t h e a v e r a g e e r r o r i n t h e p e r m i t t i v i t y and c o n d u c t i v i t y p r o f i l e s i s 1.5% and 2.3%, respecti v e l y . I f t h e s i g n a l / n o i s e r a t i o i s r e d u c e d t o 20 dB, the average errors increase to 6.9% and 10.4%, r e s p e c t i v e l y C411.
Research i s ongoing to determine means of improving the noise performance, especially using predictor/corrector techniques briefly discussed e a r l i e r .
G i v e n t h e r e l a t i v e l y s m a l l amount of scatt e r e d f i e l d d a t a u t i l i z e d , t h e FD-TD feedback strategy appears promising for future development.
LARGE-SCALE COMPUTER SOFTMARE
The FD-TD method i s n a t u r a l l y s u i t e d f o r l a r g escale processing by state-of-the-art vector supercomputers and concurrent processors. This i s because e s s e n t i a l l y a l l o f t h e a r i t h m e t i c o p e r a t i o n s i n v o l v e d i n a t y p i c a l FD-TD r u n c a n b e v e c t o r i z e d o r c a s t i n t o a highly concurrent format. Further, the O ( N ) demand for computer memory and clcck cycles (where N i s t h e number o f l a t t i c e space c e l i s ) i s d i m e n s i o n a l l y low, and permits three-dimensional FD-TD mode7s spann i n g 50 -100 wavelengths t o be anticipated by 1990.
L e t us now consider computation times o f present FD-TD codes. Table 1 l i s t s computation times (derived e i t h e r from benchmark runs o r based on a n a l y s t s ' e s t imates) for modeling one l o o k a n g l e o f a 10-wavelength three-dimensional scatterer using the present FD-TD 'code. Four computing systems are l i s t e d i n t h e t a b l e . !The f i r s t i s t h e D i g i t a l Equipment VAX 11/780, without ; f l o a t i n g p o i n t a c c e l e r a t o r .
The second and t h i r d a r e , respectively, single-processor and four-processor v e r s i o n s o f t h e Cray-2. The f o u r t h i s a h y p o t h e t i c a l next-generation machine operating at an averaqe rate o f 10 G f l o p s ( 1 0 -b i i l i o n f l o a t i n g p o i n t o p e r a t i o n s p e r second). This last computer i s g e n e r a l l y e x p e c t e d t o be available about 1990 -1992.
From Table 1 , it i s f a i r l y c l e a r t h a t s t e a d i l y \advancing supercomputer technology w i l l p e r m i t r o u t i n e engineering usage o f FD-TD f o r m o d e l i n g e l e c t r i c a l l ylarge problems by the early 1990's.
An i n t e r e s t i n g p r o s p e c t t h a t has r e c e n t l y a r i s e n i s t h e r e d u c t i o n o f t h e O ( N ) computational burden o f FD-TD t o O ( N 1 ' 3 ) .
T h i s p o s s i b i l i t y i s a consequence of the appearance of the Connection Machine (CM), which has tens o f thousands of simple processors and i n a h i g h l y e f f i c i e n t manner for processor-to-procesor communication. With t h e CM, a single processor can be assigned to store and time-step a s i n g l e r o w o f v e c t o r f i e l d components i n a three-dimensional FD-TD space l a t t i c e .
F o r example, 1.5 * l o 6 p r o c e s s o r s w o u l d b e s u f f i c i e n t t o s t o r e t h e 6 Cartesian components o f E end tI f o r each o f t h e 500 x 500 rows o f a c u b i c l a t t i c e s p a n n i n g 50 wave1 engths (assuming
